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FOREWORD

This 1epor: represents the initial phass of the work on culture of
cells of nigher plants undertaken at Natick under ihe unconventional
food program in the Microbiology Division of the Food Laboratory. The
objective of this study is to determine whether it wouid be feasible to
ugse plant ceil cultures as a source of human foud. The objective of
this phase was to isolate and estatlish suitable cell lines and to
investigate their growth kineticas and -»roductivitv on simple medla
preliminary to initfating mass culture studies.
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ABSTRACT

Callus cultures; have been isolated from a n.mber of edibie plants
and maintained ¢7 simple defined media for extcnded periods. Crowth
rates are a2lov in comparison to other m.crobicl svstems, and increase
ternds to be linear. Static cuitures on solid medi: double .n 5-10 days,
vield up to 0.26 mg dry weight per ml per day, and attain 3 maxiumum
weight of about: 12 m: dry weight per ml. Suspensicn culturse dcuble in
2-5 days, yield up to 1.1 mg dry weight per ml per day, and attzin a
maximum weight of about 23 mg drv weight per ml. “hese grosth rates are
of the same order of magnitude as those for higher plants g-owing
conventionally. Considerable improvements in these growti rates will be
required before use of plant cell cultures as food can be realized
economically.
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Introduccion

The zulture of undif{erentiated plan: cells bagaa in the 193)'a
with the pionesr siudies of Wnice, Robbins, Gauthere!. and others (260
Progress was slow until 1942 when Vzn Overbeek ar i Blakeslee (283)
fatroduced the use of liquid endosperz of the coconut for the :zulture of
plant embryca, &nd it was discove.ed that coconut milk was &n exceilent
scurce of organic nutrients and growth factors for mary plant cells.
Today cells {solated from all parts ol the plant, snd representing a
variety of plant fsmilies sare bsing successfully culitured {6). As
knowledge of plant hormones and growth factours has developed it has
bescome pussible to culture many plant cells on fully defined medisa,
either as massaes on s0lid madia, or in suspension fin liquid medis (11,
18). Such culturas in many ways resemble micrcorganisms, and cen te
grown and handled in gimilar fashion. Among the preducts identified in
such cultures are: alkaloids ireluding nicotine, atropice, hysascine,
towatine, and candicine; amino scids; proteins; enzymes including
smylas=, invertage, catzlase, peroxidase, indole acetic acid oxidase,
polyphencl oxidase, protease, and pectin methylesterzse; carbohydrates
including starch; glycosides; organic acida; pigments including
chlcrophrll, carotenoids, xzanthophyll: flavonoids, &nd anthocyenins;
rhenolics; tannins; lignins; saponins; steroids: terperoids; antibictics

agsinst Stgphlococci and Mycobgetarig; and growth regulators
(gibbarellins} (4).




In the past few ycars mass culture of plant cells has been achieved
in a number of laboratories. Nickell and Tulecke at Pfizer {12, 13, 14,
Z22) grev plant cells in suspension and scaled up production to pilot
plant scale., They achieved yields of 3 g (wet weight) per liter per day
for carboy cultures cf Gingko, Ilex, and Lolium cells, and 10 g (wet
weight) per liter per day in a 134 liter pilot plant fermentor. The
last vas a two dev run using a heavy inoculw:. Pfizer had hoped to
grow, in vitro, tissues of plants that produce valuable pharmaceuticals
or other products., Because of the 10 - 2(% ccconut milk incorporated in
the medium and the slow growth rate, the economics did not appear
favorabie. Purthermore, it has been repeatedly shown (19, 24) that
marked biochemical differences may exist hetween the same tissue ip
culture and in the intact plant. Unfortunately compounds of
pharmaceutical interest tend to occur in lower concentrations in the
cultured tissue. Pfizer has dropped its plant tissue cultura project.

Staba at the University of Rebraska (15, 16, 23) has also groewn
masg cultures cf plant tissues hoping to produce pharmaceuticals. In a
dual carboy syscem he achieved a yield of 4.7 g (wet weight) of
spearnint tissue per liter per day in an 8-day run. In Erlenmeyer
flasks he obtained a yield of 6.3 g (wet weight, 0.4 g dry weight) per

liter per day in 1f days growth.




Anns kyrue at the Quartermaster Pood & Container Iunstitute in
Cticago (2, 3) has stvdied the msss culture of plant cells as an
unconvertional fuod source. Her greatest succes: vas with carrot
tiesus. Using & 15% coconut ailk medium, szhs achieved yields oi up to
6.1 g (wet weight) per liter per day in a 6 liter carboy. In a semi-
continuous sy stem yields were up to 1.9 g dry weight per liter of
culture par day. Proximate analyses of the carrot tissve varied widely
depending on media aad grow'.h conditions, but the range was from
13 - 36% protein, 6 - 427 fat, 2 - 9% ash, and 15 - 28% crude fiber.

Tulecke has continued his studies of mass cuiture of plant cells
at Boyce Thompson Inatitute with Air FPorce support (20, 21). He now
uses no coconut milk, but grows his tissue on fully defined (Murashige)
aedice in a semi-continuous 8 liter "phytostat." At intervals of cne
or two days, about a liter of culture was harvested snd an equal volume
of fresh medium added. 1In 7 runs totaling 222 days, he harvested
163 liters of rose culture with zn average fresh wefght of 112 g (4.6 g
dry weight) per liter; or a production of (.42 g dry weight per liter
of culture per day. The generation time was 7 to 8 dayi. The harvested
tissue had 3.4% dry weight, 16X of this wap protein. Less desns=
culturys had uwp o i%% protein, siower growing cultures had less protein

{as 1ittls as 77). Test diets wers prepared for wesanling mice in which




the protein was supplied by either rose tissue or casein, Mice fed over
& 20 day period did poorly on eitker diet as compared to the atandard
laboratory Wayne Lab-blox feed. It appears that the tast diets were not
well formulated.
Yor use in a bioregenerative system, it would be desirable to have
a photosynthetic plant tissue cultnura., So far, this has not been
achieved. Hild- .randt at Wisconsin hess selected tissues of moderately
high chlorophyll conten. "-om a number of edible plants, but there {s no
apparent difference in the nu ritional requirements of these from
strains lacking chlorophyll (8). <cultured chiorophyllous tissue hsas
been shown to fix carbon dioxide in light (9, 17) but in contraat to
tissues in intact plants, the fixed carbon does not appear in sucruse.
In general there appears to ba an inverse relation btetveen chlorophyll
content and growth rate (4, 16, 17).
Current studies in cur laboratory are directed towards:

(a) better understanding of growth kinetics and, hence,
development of useful growth indices,

(b) further understanding of growth and nutritional
requirements in an attempt to develop simple econcmic media,

{c) selezting for, inducing, and enhancing chlorophyllous
growth in an attempt to attain photoautotrophic counditions and

(d) defining parsmeters for and eventually attaining sound

economic continuous mass~culture systems.




Mathods

Media usad in this study are shown in Tables 1-5.

Caltures used in this study (Table 6) ere all calius cultures
isolated by us; most from food plants. Sesds wers sierilized in 5%
calcium bypochlorits and planted without rinsing op White's medium with
agar, than grown for one to four weeks at 48°C in a New 3rimswick
Incubator (G27) under continuoua white fluoreascent iight (840 foot
candlea}. 3Seadlings were cut up asepiically and small pieces were
transferred to sgar slants of White's medium or Mursshige medium with or
without supplements; 10% coconut milk; er 0.1 - 1.0 g/l of phytone
(BBL}, tryptons (Difco), veast extract, corn steep, proflo (defatted
cotton seed flour), or cusein hydrelysate; or 0.1 - 5.0 mg/l of
ot. nspbthalenesncetic acid, 2.4 dichlorophsnoxyacetic acid, or caiciwm
puintothanate. Plant pieces were incubated for several weaks in the
light at 28°C or in the dark at 24-28°C. When callus tissue formed at
cat surfaces it was transferred to fresh medivm (date of isolation),
Carrot cell culturas were isoleted from mature root~ rinsed with elcoboi
and & cylinder of phloem tizsue removed with a sterile cork borer. This
tissue was cut up and handled like the seedling pieces. Isclations of
callus tissues were usually made 4-6 weeks after placing cut up tizsue
on agar. After that cultures were transferred at intervals of 4-6 weeks

and incabated in tha dark or light at 28°C.




Table 1.

Wite's Mediunm for Growth of Plant Tissue Cultures (26).

Cowmpcngnt og/liter
Mg 504 360.
CA(N03)2 « 4 HZO 200.
N‘zso“ « 10 RZO 200.
RCl 80,
Naﬂziﬂa . azo 16.5
Mn SOA - 7 EZO 4.5
Zn SOa 7 H20 1.5
H3 303 1.5
KX 0.75
Ferric tartrate 40.
Glycine 3.0
Nicotinic acid 0.5
Thiamine 0.1
Pyridoxine 0.1
Sucrose 20,000.
pR 5.5

Optional sdditives

Agar 6 g/L

Coccnut Milk 100 =1/L
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Table 2.

Murashige and Skoog Medium for Growth of Plunt Tissus Cultures

(11).

Comporient mg/Liter
K KO, 1900.
NH, ¥O, 1650.
Ca C}.z v 2 Hzo 440 .
Mg SG, « 7 B,O 370.
TRaP0, 170,
Mn'20, . & Hy0 22.3
in SOé o 4 Hzo 8.6
Hy BO, 5.3
KI 0.%3
Molybdic acid 0.25
Cu 30, « 5 Hy0 0.25
Co €1, « 6 Hy0 0.25
Sodium BDIA 37.5
FesO, 7 Hy0 27.8
Inositol 160,
Glycine Z.
Ricotinic acid D.>
Pyridoxine 6.5
Kipetin {6-furfuryl aminopurine) 0.32
Thiamine 0.1
2.4 dichlorophenoxyacstic scid (2,4D) 0.05
Sucrose 36,000,

pH 5.°%

Cptiocax’ adéitives
Agar 65/L
Phytone 1g/L

o napthalensscetic acid (XaA) 0.1 mg/L
{omit 2,4N)
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Table

Hildabrandt's C Medium for Growth of Plant Tissue Cultures

(7.
Component mg/Liter
Ka;80, 806 .0
Ca(NOy); « 4 Hy0 406.0
Mg SO, ¢ 7 HyD 130.0
K NO, 80.9
KC* 65.0
NaH,PO4 33.0
Zn S¢, + 7 Hp0 6.0
Mn SO, o 4 Bad 4.5
K1 3.0
H3 B0, 0.375
Perric tartrate 40.0
Glycine 3.0
Ca pantothena.e 2.5
Thiamiae 0.1
Ot naphthelene acetic acid (NAA)* 0.1
Sucrose 20,000.0
pad 5.5

Optional additives

Agar 6g/L

Coconut Milk 107

2,4D 6mg/L (*Ouit RAA = D pediim)




Table 4. Backer (Torrey M-5) Mcdium for Crowth of Cambium T{saua (i).

oy

Component Mz/Liter
Ca ™), 242,
K RO, 85.
KC1 61,
Mg 50, - 7 8,0 42,
K H, PO, 20.
¥e C1, 25,
Yeast Extract 1,000.
2.4D Z.x
Sucroge 40,000.
pH 5.5

Optional additives

Agar 6 g/L

*9x165M
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Table 5.

Tasuchiya Medium for Grovth of Orchid Meristems (27).

{omponent

K H03

(NH 50

&)2 4
| 4 Hz PO4

Hg 504
Ca g Poa
Ferric tartrate

Tryptone

Sucrose

pH 5.5

Opriona® additives

Ager

1

6 g/L

mg/Liter
525.

500.
250.
250,
200,
30.
2,000,

20,000.




Table 6, Piasnt Cell Cultures et Batick

Zulture Isolatisn
Bo Dypte Plgnt VYariaty Part
i 6/15/64 Pepper Eot Vietnamsse Stes
Capsicum sp
2z 6/15/64 Carrot Uaknown##* Root
Dgucus caroty
3® 6/15/¢€4 Squash Cocaselils Stem
Cucurbita pepc
L 6/15/64 Radish Champior Stem
Rgphgnua sativus
S* s/15/¢64 Zadish Champion Stem
6% 8/15/64 Rgdish Champion Stem
7 6/29/64 lettuce Grand Rapids Leaf
Lestucy sativa
2 7/ 7/64 Besn Tendercrop Leaf
eolus vulgaris
il 7/16/64 Cucumber Chins Stem
Cucumis gativg
10 7/16/64 Lettuce Grand Rapids Leaf
I 7/20/64 Carrot Tnknown** 200t
12 7/7G/64 Basn Tandercrof Stem
i3 7/20/64 Lattuce Grand Rapids Loaf
1a% 7/20/64 Cucumber Chiaa Stem
15% 7/28/64 Besn Tendercrop Cotyledon
16 7/28/¢64 Cucumber China Stem

11
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6. {(continued"

Culture Isola- on
No Dats Plant
17% 7/28/64 Rean
18 1/28/64 Carrot
19% 7/28/64 Cucumbe~
2C* 7/28/64 Bean
22% 7/28/64 Marigold

Tagetes erects

23 2129/64 Lettuce
24 7725/ 04 Lettuce
25 7/29/64 Marigold
26 7/29/64 Marigold
27 7/25/64 M_rigold
28% 7/29/64 Marigold
29% 8/ 3/64 Bean

*Cuiture 0o longer on hand

*kCulr:vsted - purchased 1n market

12

Variety

Tendercrop
Uriknown*
China
Tendercrop

Msrigolds on
parade

Grand Rapids
Grand Rapids

Marigclds on
parade

Mairigolds on
parade

Marigelds on
parade

Marigolds on
parade

Te~dercrop

leaf

Root

Stem

Stem

Stenr

Stem

Stem




Liquid suspersion cultures were initieted by inoculating a piece of
callug tissue from an agar slant into a shake flask. ZErlemmeyer flasks
were uses with 25 ml medium per 125 ml flask, 50 ml mediua per 250 ml
flask or 100 ml medium per 300 or 500 ml flask. Culitures were grown on
rotary shakers (variable speeds) in the dark or in continuous
fluorescent 1fzat ¢f sbout 200 foot candles, or on a reciprocatiag
shaker (90 strokss par minute) in the dark, at 28°C,

Growth was measured as dry weight in mg per ml. Static cuitures
were szcraped from tue sgar washed in water and dried at 80°c.
Suspension cultures were harvested in toto, or if well dispsrsed, rtuwo
i0 ml ssmples were taker with a iarge opering pipette, filtered by
suctior through tared Schleicher and Shuell 5.5 cm No 596 filter paper
circles, washed in water, and dried at 8G°C. Growth rate is expreased
ss Crowth Incremancs (GI) = final =% _ 4% ;0r ynic time. Froductivity

inoculum
(P) is expressed as mg per ml per day = (final wt - inoculum

days growth

13
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Results

Part A. Growth of plant cells on 30lid medis.

Experiment 1. Effect of madium.

Tsls experimen’ was designed t. select the besat cultures for further
experimentstion and to seiect & suitable basic medium for their cultiva-
tion. Media used were White's plus 10% coconut milk, Murashige, or
Hildebrandt's C plus 102 coconut milk. Prelimipary tests had shown that
growth of callus tissue was very slow on White's or Pildebrandt's media
in the absence of coconut ailk. 10 ml agar slants were inoculated with
about 10 mg dry weight of tissue (1 mg per ml) end {ncubated at :8°C in
light or dark for 27-54 days. The values shown {Table 7} represeat the
test weights obtained in three tests.

Pepper tissue is firm, white, and slow-growing with a crisp texture
and a faint pepper flavor. It does not turn green, and does not differen-
tiats organs. Carrot tissue is frigble, fast growing, white or yellow in
the dark, green in the light. It frequently producesz adventitious plants
even on medis without coconut milk, and new growth types frequently appear
in these cwliures. The flavor {s bland. Radish cultures are slow growing,
white and compact. They frequently produce roots. Lettuce cultures are
fast growiung and short !ived. The tissue is friable, yellow or greenish

in the dsrk, very zreen in light, snd produces a soluable yellow pigment

14




Tadble 7.
days) .

Dry weight (mg/ml) using (medium)

Growth of Plant Call Cuitures on Solid Media a: 28°C (27-54

Culture (Mo; Murashige Whits CM Hildebrandt's CM
Pepper
1 6.5 4.0 -
Carrot
2 7.4 10.2 8.6
1l 6.8 9.4 8.5
18 8.1 2.3 7 9
Radish
4 3.7 - 5.7
6 1.9 1.0 -
Lettuce
7 10.1 10.5 9.3
10 9.5 8.9 9.8
13 10.5 12.2 9.3
23 9.0 8.0 7.9
24 9.4 3.0 9.5
Bean
8 11.6 1.6 8.8
12 8.7 7.9 7.1
Cucumberx
9 2.7 2.2 4.4
14 3.0 - 0.3
16 1.1 G.7 2.7
19 2.0 i 0.8 2.8
H
Marigold
25 1.3 8.6 7.0
26 10.5 7.8 5.3
27 8.4 4.3 8.0
28 10.4 8.1 5.7

CM = 107 coconut milk
- = No test

15




thet diffuses into the agar. Cultures in the light differentiate many
small leaves and plantlets. Such cultures are crisp, taste like zarden
lettuce, and ahould make & good salad. Bean cultures are fast growing,
white vhen young, but turning brown as the culture sges. These cultures
do not turn green in the light and have never differentiated leaves,
roots, or plants. Young cultures taste like re» bear. Old cultures are
bitter. Cucumber cultures are elow groving, white and frisble in the
dark, green in the light. They have a refrzahing odor of sliced
cucumbera. Marigold cultures are fagt growing, white at first, but
rapidly turning black. They do not turn green in the light. They
produce an abundance of adventitious roots, but no leaves or plants.

Since growth of these cultures on the fully defined Murashige
medium was as goond or better than on the medis with coconut milk,
Murashige was selscted as the basic medium for maintenance of cultures
ané further experimentation.

Bxperiment 2. Effect of number and frequency of transfers.

This experiment was designed to investigate growth rates of carrot,
lettuce and bean cells on Murashige medium, and the effect on these
growth rates of the frequency of tranafer. All cuitures were gzrown in
the dark at 28°C on 10 ml agar slants. The inoculum was cu: into

uniform pieces, each slant was inoculated with a piece, five pieces were

16




dried and weighed to obtain inoculum weight. Final wsights represant .n
avergge of 2 or 3 cultures (Table 8, Figuree 1, 2, 3).

Bean cultures reached maxi{mumm weight in about 3 waesks. This was
the only culturs that grew rapidly enough to bs msintained with a
weekly transfer (25-50% inoculum) and this seriss had the most rapid
growth rate (GI = 1.5 per week)., Bean culturas transferred az 2 or 3
week intervals showed maximum productivity of 0.26 mg per ml per day.
lettuce cultures showed a greater lag with most rapid growth from 2-6
wver~p at which time maximum weight was reached. Cultures deciined in
weight after 6 weeks. Carrot c3lls had the longest lag and did not
begin growing until 3 weeks - these cultures also reacked marimum weignt
at 6 weeks followed by a decline. It is interesting that these cultures

that decline in old age also show a long lag on transfer.

Part B. Growth of plant cells in susvension.

Experiment 1. Effect of mediux.

As in Part A, this experiment was designed to select the best cui-
tures for future experimentation and to select the bast basic medium for
their cultivation. Media used wers White's plus 10% coconut milk, Murashige,

Hildebrandts' C, Becker and Tsuchiye. Initial transfers grew slowly and

17




Table 2. Effect of Frequency of Transfer on Growth of Plant Cell
Cultures on Solid Murashige Medium in the Dark at 28°C

Transfer
Intarval No No  Ave. Inoc. Ave. Final Ave. GI  Ave. P
Culture Weeks Transfers Weeks mg/ml mg/ml per week mp/wmi/day
2 emrrot 1 3% 3 0.40 0.40 0.2 0
2 18 36 0.8% 2.00 0.8 0.08
3 11%% 33 1.00 2.80 0.7 0.08
4 9 36 1.50 6.5C 1.1 0.15
) 6 36 1.90 11.00 0.7 0.18
8 3* 24 1.70 5.40 0.4 0.08
7 letore 1 5% 5 0.34 0.50 0.8 0.02
2 18 36 0.98 3.00 1.1 0.14
3 12 36 1.20 5.50 1.0 0.21
4 9 36 1.70 7.70 1.0 c.21
6 5 36 1.80 9.80 0.9 0.19
8 3* 24 1.60 6.00 0.4 0.08
12 bean 1 33 33 1.20 2.70 1.5 0.21
2 18 36 1.50 4.10 1.3 0.26
3 12 36 1.90 7.30 1.4 0.2¢
A 9 36 1.70 7.5V 1.0 0.21
6 6 36 1.70 7.80 0.7 0.14
8 R hafadel 38 1.80 7.0 0.6 0.07

*Discontinued due to slow growth
**Digcontinued due to contaminetion
**klget transfer grew cnly 6 weeks

GI = Growth Increment = Final - 1 (dry wt)
Inoc

P = Production = Final - Tnoc (dry wr)
No davs

18
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rig. 2. Effect of frequency of transfer on yrowth of plent cells on
solid Murashige medium over a 36 week period. Dark 28°C,

Growth increment snd productivity figurea are averages for the

35 week period.
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Pig. 3.

Effec’. of freguency of transfer on the cumulstive growth
ircrement of plant cells on solid Murashige medium over a 36
week period. Darx 28°C.

O transfer every week

. —— ' tranefer ecvery two weeks

A transfer every four weeks

A transfer every eight weeks
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often as large masses. However, soma cells usually sloughed off and
grew free or as small massss in the medium. By making successive
transfers with a largs copeniug pipette z rumber ol cultures were
obtained that grew in good suspension. All cultures show a strong
tendancy to vary in their growth charscteristics with successive
traunafer. Growth potential depends as much on a good inoculum as on a
suitable medium. Inocula were around 0.5 mg dry weight per ml, either
solid or iiquid (16%Z by volume). Cultures were grown in the light or
dark at 28°C for 23-69 davs, usually 24-40 days. The values shown
(Table 9) represent the best weights obtained in two to ten tects, They
are not corrected for a 5-10% decresse in volume due to evaporation of
the medium during growth.

The pepper and cucumber have rot been obtained as gocd suspension
cultures, but grow only as large masses. The values of around 2% dry
weight obta:ned for crirot, bean, and lettuce cells represent 6J-7Uw
conversion tc plant cell matter of the 3% sucrose supplied in the
medium. Such cultures sre very thick and do not settle on standing.

The condition of the inoculim has . marked effect on growth cof plant
cell cultures. For suspsnsion cultures tha best inoculum is often obtain-
ed from cultures three or four weeks old (Figure 4). Iz these cultures
there is & Yag of one o~ two weeks foilowed by a period of rapid growth
which is sritnmetic rather than exponantial. This suggests that most of tha

cells in the culture do not divide. Microscropic examinatior cf older cultures
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Tatle 9, Growth ¢f Plant Cella in Suspension Culture a: 8% (23-69
days) .

Dry weight (mg/ml) in (mediimj

Cuiture (No) Murashigze ‘hite CM Hildebrendt CM lsuchiva Becker

Pepper
1 4.4 0.4 2.8 - -
Carrot
2 21.0 15.0 10.0 13.0 6.7
11 3.9 - 3.0 8.7 3.7
18 15.0 5.8 8.2 315.0 2.3
Radish
4 2.2 5.3 - -
5 0.4 - - - -
6 0.5 - - - -
Lettuce
7 10.0 9.0 6.5 3.5 5.2
10 3.0 - 2.8 1.9 3.3
13 18.0 7.2 8.6 2.0 12.0
23 0.2 - 6.9 - -
24 14.0 - 9.4 2.4 7.2
Bean
8 23.0 12.0 6.7 - -
12 11.0 10.0 6.6 8.9 -
15 - . 0.3 -
17 - - 0.2 -
20 - - 5.0 - -
Cuctmber
9 1.9 1.6 2.0 0,7 0.7
14 - - 0.8 - -
15 C.6 i.0 1.6 - -
19 - - 1.2 - -




Table 9. (continued)

dry weizht (mg/mi) in (mediumw)

Culture (Mo) Murashige White CM Hildebrandt CM Tsuch va  Becker

Marigold
22 - - 3.7 - -
25 3.0 - 4.4 4,2 3.2
26 5.8 - 4.4 - .
27 - - 3.5 - -
28 8.1 - 2.0 - -

CM = 10% v/v coconut milk
- = NHo Tast
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roveals manv cell fragwents. Doubling times, depending on which part of
the curve is axaminad, range from 3 to 1% days. In other curves (not
ghown} Jdavhling times of ! or 7 davae have bean observed.

Variarvions in growth on different zmdia arve shown {Figure 5°.
These culturzs were incculated from suspension nsulzuree on Mureshige
sedium, 2 or 3 weaks old. Phytone often ~auses a marked stismulation of
growth on Mureshige medium, especislly for young cultures.

As a result of thes2 studies; Murashige medium was selected g3 the
basic medium for all cultures, since it supports growth as well or
better than other media, and in addition is fully defined.

Experiment 2. Effect of number and frequency of transfers,

This experiment was designed to studv the effect of frequency of
transfer on the growth rate of suspension cultures of plant cells. Our
Lope was thait frequently transferred cultures would show an increase in
growth rate. Six cultures (Carrot No 2 and 18; Lettuce No 7 and 13;
Bean No 8 and 12) were grown in the dark on the reciprocal shaker on
Murashige medium with no supplement (M) or with addirior of one gram per
liter of phytone (MP) or tryptone (MI), and transferred at interval: of
one, two, 'hree, four, five and six weeks for 28 weeks. A 10% (by
volume) incculum was used. All culiuvres were grown in the dark onthe
reciprocat:.ng shaker at 28°C. Dry weights were taken on duplicate 10 ml

samples.

27




Pig. 4. Rffect of age of inoculum on growth of plant cell suspensicn
cultures on Murashige medium. Dark 28°¢.
10% (v/v) inoculum frum suspension culture.
inoculum age Aou vesk, A two veeks,o.Othree weeks,

.four vecko,D five weeks, . six weeks.
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Pig. 5.

Effect of wedium on g-cwth of plant cell suspension cultures.

Dark 28°C.
10% (v/v) inoculum from suspension culture on Mursshige medium.

Inzculum age bean (2) - 2 weeks; bean (3), carrot, lettuce -

3 weeks.

o——OMuzashige ™M)
.----’Muruhige + 1 g phytone per L (MP)
O P, tiildebrandt C (C)

‘-----Aﬂildebrandt C+ 1 g phytone per L (CP)
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Although not all series were set up, and some wers not compieted,
bacause of either slow growth rate or contamination, & great quan:ity of
data were collected in this experiment, Salisctione from it are shown
Tables 10, 11, 12; F¥igures 6, 7, 8, 9, i0). A!l cultures were
variable. A culiure would iacrease in growth rate for 2 while and then
without any cpparent reason, a decline would occuzr. Or a poorly growing
series would suddenly begin growing vigorousiv.

Growth increments usually did not exceed 15 per week when good
inoculum was used. However, occasionally a cuiture with a very small
inoculum would suddenly begin to grow, resulting in an abnormsllv hirh
valua for the growth increment. Such cultures never maintained this
high growth increment in succeeding transfers. The extremne cases

observed were:

Culture Medium Series Inoculum Final GI GI per week
8 bean M 1 wk 13mg/ml  il.2mg/ml 85. 85.
13 lettuce M 2 wk .13mg/ml  12.4=;g/ml 94, a7,
18 carrot MI 1 wk O2xg/wl 55wz /ni 4. 41.
18 carret T 1 wk .03ug/ml 1.9mg/ml 62. 62.
18 carrot MT 2 vk .O4mg/ml 4.2mg/al  104. 52.

Such values would not h&ve occurred {f inoculum had been
standardized by weigit instead 3f volume. ‘hese values do suggest that
occasionally for brief periods exponential growth does occur in these
plant cell cultures. Values for growth increment per week were h;ghest

in cultures transferred weekly and declined as the transfsr interval

lengthened {(Pigures 6, 7, 8, 9).
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Table 10. Effect of Frequency of Transfer on Growth of Suspension

~ o
Culiures cf Carrot Cell: Cark 28

53
= E Culture No. 2 Culture ¥o. 18
3o
05 Nrdiiss momey N ey M H HP M7
» No weske ig i9 i4 16 15 i
¢ jAve P 0.4% 4,85 3.75 2.19 Q.22 .20
£ live o1 6.1 1i.2 10.4 9.6  10.0  14.6
— tAve final wt 3.5 5.1 5.8 0.5% 2.3 1.6
o |Ne weeks 22 22 16 2¢ 24 16
X {Ave P 0.38 0.48 0.55 .31 .25 .38
§ |Ave GI 6.2 6.5 5.2 £.8 6.5 12.8
o |AVE fingl wt 7.5 7.5 £.3 4.9 3.7 §.0
o | N0 weeks 24 24 é 27 27 3
% iAve P 0.37 0.37 0.14 0.17 0.23 0,23
g Ave C1 4,1 3.6 2.6 5.7 7.1 7.2
o |Ave final wt 8.5 8.5 3.4 4.0 5.2 5.3
k! Ro weeks 28 15 8 28 20 8
g Ave .19 .26 .23 .22 .25 0.48
> [Ave GI 2.9 6.0 2.% 3.3 2.7 2.1
~= |Ave final wt 5.3 7.4 7.7 6.8 6.8 12.¢
; No weeks 20 10 - 10 10 -
G i Ave P ¢.21 0.18 - 0.1% 0.21 -
$!ave o1 2.8 3.2 - 1.4 2.6 -
n | Ave final wt 8.0 6.9 - 6.5 £.8 »
= No weeks 18 12 - 18 & -
© Ave P 0.19 0.20 - 0.20 0.14 -
1 Ave GI 2.5 2.9 - 2.0 1.7 -
9 [ Ave final wt 8.5 8.5 - 8.9 6.2 -
P = mg dry wt per ml per day M = Murashize Medium
Gl = growth increment per week MP = M+ } g Phvtone/L
final wt MT = M+ 1 g Tryptone/L

Inoculum ~
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Dark 28°C.

Effact of Frequency of Transfer cn Growth of Suspension

Cultures of lLettuce Cells.

Table 1li.
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Bffect of Traquency of Transfer cr Crowihk of Suspension

Tabla 12.

Parkx 28°C.

Cultures of Bean Cells.
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Pig. 6. Effect of fregquency of transfer on growth rate of suspension
cultures cf plant cells over a 28 weck period. Dark 28°¢.
O-—-—-O Murashige mediun

‘._, A Murashipe + 1 g phvione per L
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Pig. 7.

Rffacc of frequency of transfer on cumulative growth increment

of carrot ceils in suapension cult 've o: Muras'ige medium.

Dark 28°C.
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rig. 8.

Rffect of frequency of transfer on cumulative growth increment

of bean ceils in suspension culture on Murashige medium. Dark

28°c.
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Fig. 9. Eflect of f-equency of transfer on cumulative growth increment

of bean cells in suspension culture on Murashige medium

supplemented with one gram of
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Pig. 10. Effect of frequency of transfer on productivity of dry =matter

in suspension cultures of plant cells over a 28 week period.

Dark 28°C.
O—w0 Murashige medius
A e A Murashige + 1 g phytcne per L
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ince our objective is production of cell mass the figures for dry
weight produced in mg per ml per day are resllv more mzaningful than

growth increment. The best values obtained for P were:

Culture Medium Series Transfer No. P mg per ml per dav
Bean M 1 wk 19 1.65
Bean P 1 wk 4 1.70
Bean MT 1 wk 13 1.91
Carrot M wk 9 1.14
Carrot MP 1 wk 19 1.33
Carrot MT 1 wk 3 1.09
Lettuce M 2 wk 12 0.88
Lettuce >P 2 wk 12 0.385
lettuce MT 2 wk b 0.64

Average values for P were greatest on MP wedium in the series
transferred weekly. The best values on M medium usually occuried in
the series transferred every other week (Figure 10). 1In any series,
values for P fluctuated with successive transfer, but the long range
trend for short intervals transfer was towards an increase in P value
(data not shown)., This suggests that we were having some suczegs in
selecting line of cells adapted to growth on the shaker. Sc far we have
failed to stabilize such cultures. .

Addition of pnvtone (hvdrolyzed soy protein} is oftern favorable to
young fast-growing cultures. In older or slower-growing cultures,

soluble nitrogenous compounds tc nourish meristemat:ic cells are probabl:

secreted by mature ceils or reieased by broken cells.

b




Experiment 1. Effect of thickeaing apents,

One cause of our fallure to cbtair exvonentisgl grosth in shake
cultures could be that the lsrge highly vacuolated thin wailed plant
cells were demaged by the ghaking. In g attempt to prevent such damage
we added various colloidal mat:riegis, wostly polvsaccharidea, at 4 g per
liter to the medium (Table 13}. All auch media foamed excessively and
were very alow to filter suggesting they would be difficult to haadle
under maes culture conditions. Thereicre, in spite cf some favorabls
effects, especially for lettuce cells, these agents have not bean used

again.
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Tabie 13. Effect of Thickening Agents on Growth of Plaut Cell

Suspension Cultures Murashige Medi{.- + lg phytone per L -
ark 28°C. 28 davs.

Additive Carrot No 2 Lettrce No 7 Bean No 8 Bean No 12
0.4% Drv Weight mg per ml
None 7.9 1.6 8.5 6.6
Dextran 7.9 2.7 8.5 9.7
Carageenin 5.4 2.0 5.7 7.0
Guar Gum 6.0 4.9 9.8 8.4
Alginic acid 8.6 7.1 g.0 1G.9
Gelatine 4.9 1.4 6.5 8.0
Pectin 10.4 0.8 4.3 9.3
CHC4AD 7.5 2 8 12.8 0.7
CHCT0 g.8 5.4 8.4 7.4
HEC 5.7 4.4% 0.6 8.0
Cellulose acetate 8.4 2.6 1.3 4.9
Msthylcellulose 5.0 2.5 5.1 5.6
Cellulose SO, 4.9 3.4 7.6 8.3
Carbowax 4.8 5.4 9.9 9.2
PVPK90 4.0 2.5 8.3 8.6
PVP189 5.1 2,3 7.8 6.2

CMC carboxvmethyl cellulosge
HEC hvdroxyethyl cellulose
PVP poiyvinylpyrillidone
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Discussion

This study was carvied out to invastigate the growth of plant cells
or simple mudia and the feasibility of growing such cells for food. We
find that callus cultuves can be raadily isolated from many edible
piants and maintained for we'!l over a year cn the fully defined medium
of Murashige arnd Skoog. Growth of plant cell cultures gfter an initisl
lag i3 linear, rather than 2xponential as found for many microbial
cells. Although exponantial growth of cuitured tobacco ceils has been
reported {5, this represented an increase in dry weight only fror ibout
0.06 o 1.0 mg per ml. In our experiments inoculum weights were usually
from 0.5 to 1.0 mg per mi and growth continued to 10 mz per wml or more.
Similar growth curves are found for intact plants since cell division is
restricted to a few meristematic regicus.

We bave used two indices of growth - growth increments per unit
time. and prcductivity of dry matter in mg per =ml per day. The growth
increment, which is a multiplication factor, tends tc be inversely
proportio .al te inoculum size bacause of the linear jyrowth curve. In
static cultures (on solid media) maximum dry weights of up tc 12.5 mg
per =l of mediua are sttained. Sustained growth incrementc over a
36-veek period averaged 0.2 -« 1.5 par week. The higher figure was tor
bean cells transiarred weexly. Froductivity of dry matter rarced
from 0.02 - 0.26 mg per ml per duy. 1In suspension cultures (on

tiquid media) maximum dry weights of up to 23 mg per ml were obtained.
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Sustsined growth increments cver a 28-~week pericd ranged from G.3 - (4.8
per wask. ~rroduction of dry matter ranzed fros 0.07 - 1.12 mg per ml
per day. The highest figure was for begn cells on medium supplewmented
with phytone and tranaferred weekly. There was some tendency for
frequently transferred cultures to show an insresaing growth rate, and

for infrequentiy transferred cultures o decline in growth rate, 1t 1is

it

ommoniy obaerved that stability {s the exception in piart cell cultures.
Growth rates, capabilicy for differentiation, and nutrient requirements
all vary {i0}. OQur results include many examples to support this
silsrtement, but despite fluctuations the production of drv matter under
controlled conditions does vary arcund a steadv state. Yielas of cur
fzstest grow’ng culture {(bean) are compared with vields reported b
other workers (Table 14). 1Is a sustained vield of one mg per ml per
day good ensugh for profitable production? 1If not, how much can w2
hope to increase vields?

How do these values ~ompare tc yvields of plart marter from conven-
tionsl crops? Valuees of from one to eightv metric tons of dry orgenic
maiter per heciare per vear have been repcrted for plants growing under

optimuxr conditions {22} (Table 15). A metric ton is i0J0 kg or 16% o -

.8

2 . 2 .
A hectare i3 one hecrcmeter (100M)° or 1 ce” . Therefore, oce metri-

e

~

2 Z
ton per hectsre equals 10 mg per cm™ per vear or 0.027> mg per cm»” p=r

2

day, and 80 metric tons per hectare equais 2,2 mg per cm® per day. It
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i

Flant Yields in Total Dry Organic iAsh Frez) Matter in Mestric
In3 per Hectare per Year. After Weatlake 1963 (25).

Rainforests, perennials cultivated ir tropsics £0-80
A’ -~ in seweg? ponds + excess CO, 45
Yertile resd swamps 30-45
Coniferous forests, cultivsted perennials 25-40
Marine plancs 21-40
Deciduous foreste, cultivared annuals,

uncultivated herbe 10-25
Fresh water macrophytss 13-21
Phytoplankton i-9
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is d{fficult to mske a direct comparison bstween values basad on voluwe
and area, but it would sppsar that at present cur yisxlds in culture are
of the ssxe order of msggnituda as crops grown conventionaily under
cptimem conditions where year round agriculture is possible. However,
the conventionally grown plant contains a high percentage of inedidle
waste. The cultured cell presumably will bs entirely edibie. Moreover,
we hope thet we can achieve a preductivity of 10 mg/wl.’lay or grezter,

to give us a decided advantage over conventicnal agriczlture.
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